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Abstract

Martensitic stainless steel CA6NM has the potential to be utilized as a turbine blade material for geothermal power plants because of
its superior mechanical properties. However, the turbine blade material for geothermal power plants must have not only superior
mechanical properties but also excellent corrosion resistance. Therefore, in this study, CA6NM was modified by varying its
molybdenum (Mo) and nitrogen (N) contents to improve its corrosion resistance in the geothermal environment. The Mo and N contents
of CA6NM were modified as follows: CA6NM1 with 1% Mo, CA6NM2 with 2% Mo, and CA6NM3 with 2% Mo and 0.1% N. Two
temperature parameters, i.e., room temperature and 60°C, and two CO2 gas parameters, i.e., presence and absence of CO gas, were
utilized in this study. To understand the corrosion behavior of modified CA6NM in geothermal brine, the electrochemical impedance
spectroscopy (EIS) test was performed in simulated geothermal brine. The results of the EIS test showed that both Mo and N can
increase the corrosion resistance of CA6NM in simulated geothermal brine at 60°C.
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1. Introduction

The geothermal environment has many aggressive substances that induce corrosion. One problem that needs to be evaluated in
geothermal power plants is the corrosion of the turbine blade [1, 2]. Currently, steam scrubbing and chloride subtraction with sodium
hydroxide are used to mitigate the corrosion of the turbine blade. However, these techniques can increase the operating costs and reduce
the efficiency of geothermal power plants. Thus, the use of corrosion-resistant materials, such as a geothermal turbine blade, can be a
better solution [3].

On the basis of the material selection guidelines, stainless steel is mainly recommended for use in the geothermal turbine blade.
Stainless steel is resistant to corrosion because of its passive film [4]. Nevertheless, the passive film of stainless steel can be destroyed
in high-chloride environments, such as geothermal brine. Thereby, stainless steel needs to be modified to increase the service life of
the geothermal turbine blade. CAG6NM is martensitic stainless steel that exhibits better corrosion resistance than standard stainless steel
because of alloy modification [5, 6], which is performed by the addition of molybdenum (Mo).

Mo and nitrogen (N) can improve the corrosion resistance of stainless steel [4]. The addition of the optimum ranges of Mo and N
to the alloy composition will improve the corrosion properties of martensitic stainless steel. When Mo and N in the alloy composition
exceed the optimum ranges, the properties of the alloy deteriorate because of the absence of the passive film on the surface, formation
of d-ferrite, decrease in toughness, and excess precipitation [7]. Hence, the optimum ranges of Mo and N in the alloy composition of
martensitic stainless steel CA6NM need to be determined.

At present, the role of alloyed Mo and N in increasing corrosion resistance has been widely investigated. However, data on CA6NM
in the geothermal environment are still lacking. This study aims to investigate the influence of Mo and N contents on the corrosion
behavior of CA6NM in simulated geothermal brine at 60°C using electrochemical impedance spectroscopy (EIS). EIS is a
nondestructive technique that can provide time-dependent quantitative information about the electrode processes, complex interfaces,
and characteristics of materials, such as high-resistivity materials (e.g., paint and oxide coating) [8, 9]. EIS is used in this experiment
because it is a powerful technique that can highlight the effect of alloying elements on the corrosion resistance of the metallic surface
[10].

2. Materials and methods

Specimens were prepared by casting martensitic stainless steel CA6NM with three variations of Mo and N contents. The chemical
compositions of the CA6NM specimens used in this experiment are presented in Table 1. All specimens were austenitized at 1,323 K
(or 1,050°C) for 3 h and quenched in oil. Then, the austenitized specimens were tempered at 943 K (or 670°C) for 3 h, followed by air
cooling to room temperature. The specimens with a surface area of 1.21 cm? were cut using a cutting machine, connected with copper
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wire for electrical contact, and mounted with resin to cover the unexposed area. The specimens were polished using 120-1,200 grit SiC
paper and washed with distilled water.

Table 1 Chemical compositions of CA6NM specimens

Specimens C [%] Mn[%] Si[%] P[%] S[%] Cr[%] Ni[%] Mo[%] NI[%] Fe[%]
CABNM1 0.04 0.40 0.35 0.018  0.008 12.83 4.17 1.02 - Bal
CABNM2 0.04 0.43 0.55 0.017  0.009 13.02 4.08 1.96 - Bal
CABNM3 0.04 0.35 0.35 0.019  0.009 13.07 4.09 2.14 0.11 Bal

Table 2 Chemical compositions of simulated geothermal brine

Chemical Concentration [g/L]
NaCl 224.6
NaSOs-10H2.0 121
MgCl-6H20 10.6
CaCl2-2H:0 6.5
KCI 0.4
KOH 0.3
NaHCOs3 0.05

The electrochemical measurement of the specimens was conducted using the Gamry G750 corrosion measurement system in
simulated geothermal brine. The chemical composition of the simulated geothermal brine is listed in Table 2. A hot plate and a
thermometer are used to adjust and control the temperature at 60°C. The presence or absence of CO2 gas in simulated geothermal brine
was a parameter that varied in this study. The electrochemical measurement used three electrodes, i.e., the specimens as the working
electrode, a graphite rod as the counter electrode, and a saturated calomel electrode as the reference electrode. The specimens were
immersed in 500 mL of simulated geothermal brine and left to corrode freely for 1 h in the solution until the steady-state condition was
reached. Under the steady-state condition, the open-circuit potential (Eoc) was recorded, and the electrochemical measurement started
from the initial value of Eoc.

The EIS test was conducted to investigate the charge transfer resistance (Ret) and constant phase element (CPE; Yo) values. The
EIS test measures the impedance of the specimens with the sinusoidal voltage signal of 10 mV and the frequency range of 100 kHz to
10 MHz using the Gamry G750 corrosion measurement system. After the EIS test, the exposed surface of all samples was observed
using a scanning electron microscope (JEOL Model JSM-5400).

3. Results

Figures 1(a)-(d) show the Nyquist plots of the CA6NM specimens with different Mo and N contents immersed in simulated
geothermal brine.
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Figure 1 Nyquist plots of the CA6NM specimens in simulated geothermal brine at (a) room temperature without CO2 gas, (b) room
temperature with CO2 gas, (c) 60°C without CO2 gas, and (d) 60°C with CO2 gas
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Figure 1 (continued) Nyquist plots of the CA6NM specimens in simulated geothermal brine at (a) room temperature without CO2 gas,
(b) room temperature with CO2 gas, (c) 60°C without CO: gas, and (d) 60°C with CO2 gas
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The Bode plots of the CA6NM specimens in simulated geothermal brine are shown in Figure 2. The Bode and Nyquist plots are
diagrams generated from the results of the EIS test.
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Figure 2 Bode plot of the CA6NM specimens in simulated geothermal brine at (a) room temperature without CO:2 gas, (b) room
temperature with CO2 gas, (c) 60°C without CO: gas, and (d) 60°C with CO2 gas
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Figure 2 (continued) Bode plot of the CAGNM specimens in simulated geothermal brine at (a) room temperature without CO: gas, (b)
room temperature with CO: gas, (c) 60°C without COz2 gas, and (d) 60°C with CO2 gas

The scanning electron microscopy (SEM) images of the CABNM specimens in simulated geothermal brine at room temperature
are shown in Figures 3 and 4. Meanwhile, the SEM images of the CA6NM specimens in simulated geothermal brine at 60°C are shown
in Figures 5 and 6. Figures 3-6 also show the SEM images of the CA6NM specimens after the EIS test.
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Figure 3 SEM images of (a) CA6NM1, (b) CA6NMZ2, and (c) CA6NMS3 in simulated geothermal brine at room temperature without
CO2 gas
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Figure 4 SEM images of (a) CA6NM1, (b) CA6NM2, and (c) CA6NM3 in simulated geothermal brine at room temperature with CO2
gas
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Figure 6 SEM images of (a) CA6NM1, (b) CA6NM2, and (c) CA6NM3 in simulated geothermal brine at 60°C with CO2 gas

In conjunction with SEM, energy-dispersive X-ray spectroscopy (EDS) is employed to conduct chemical microanalysis. Table 3
lists the chromium (Cr) contents of the CA6NM specimens in simulated geothermal brine at 60°C determined by EDS.

Table 3 Chromium contents of the CA6NM specimens in simulated geothermal brine at 60°C

Specimens Cr (wt%)
CABNM1 without CO2 gas 3.6
CAG6NM2 without CO: gas 10.7
CAG6NM3 without CO: gas 13.6

CAG6NM1 with CO2 gas 124
CAG6NM2 with CO2 gas 135
CABNM3 with CO2 gas 135

4. Discussion
4.1 Role of Mo and N contents

The EIS Nyquist plots of the CA6NM specimens in simulated geothermal brine are shown in Figure 1. As shown in Figure 1, the
order of the slope and size changes of the impedance arcs of the CA6NM specimens is CAGNM3 > CA6NM2 > CA6NML1. The
semicircle diameter of the Nyquist plot increases with the increase in Mo and N contents. Moreover, the semicircle diameter of the
Nyquist plot of the CA6NM3 specimen did not increase. The impedance of CA6NM3 continues to increase with the increase in all of
the experimental parameters. This finding indicates that the number of electrons/ions in the CA6NM3 interface is limited because of
the stable passive layer on the CA6NM3 surface [11-12].

The Bode plots illustrated in Figures 2(a)-(d) show the impedance and phase angle values of the CA6NM specimens at each
frequency. Bode plot analysis can be divided into two parts on the basis of its frequency, namely, high frequency with a value of f >
100 Hz and low frequency with a value of f < 10 Hz. At high frequency, the Bode plot of the phase angle shows whether the passive
layer formed on the surface of the material is protective or not. As shown in Figure 2, all CA6NM specimens have a phase angle value
that is close to 0 at high frequency. These results indicate that the surfaces of the CA6NM specimens are resistant to the aggressive
substances in the geothermal environment or that the passive layer or oxide film formed on the surface of the surfaces of the CA6NM
specimens is protective. The impedance value of CA6NM at low frequency indicates the strength of the formed passive layer, where
the higher the impedance value at low frequency is, the better the corrosion resistance of the formed passive layer. As shown in Figure
2, the CA6NM3 specimen has the highest impedance value at low frequency in all of the experimental parameters and conditions.
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Both Nyquist and Bode plots indicate that the Mo and N contents have a positive role in improving the corrosion resistance of
CA6NM in simulated geothermal brine. This result is consistent with that of Monnot et al., where the addition of Mo improves the
corrosion resistance of martensitic stainless steel [10]. Similar to that generated from the results of the present research, the Nyquist
plot generated from the results of the EIS test conducted by Monnot et al. showed that the impedance behavior is characterized by
depressed capacitive loops with a clear increasing modulus trend with the Mo content, confirming the beneficial effect of Mo. Mo has
two beneficial effects on the corrosion resistance of martensitic stainless steel, i.e., improving the strength of the passive film and
inducing an increase in the retained austenite fraction.

Moreover, the results of Loable et al. indicate that the synergy between Mo and N has a positive effect on the pitting corrosion of
austenitic stainless steel [4]. Loable et al. analyzed the capacitance parameter by conducting the EIS test using the Hsu and Manfield
formula. The capacitance effect (Cef) is inversely proportional to the thickness of the passive film. Loable et al. determined that 18Cr-
12Ni-3Mo-0.1N had a lower Cefr than 18Cr-12Ni-3Mo, indicating that 18Cr-12Ni-3Mo-0.1N had a thicker passive film than 18Cr-
12Ni-3Mo. The thicker the passive film is, the better the corrosion resistance. Similar to those of Loable et al., the results of the present
research confirm the synergetic positive effect of the addition of both Mo and N on the corrosion resistance of martensitic stainless
steel in simulated geothermal brine.

4.2 Influence of temperature and CO2 gas on corrosion behavior

The characterization of electrochemical systems by EIS requires the interpretation of data and involves the use of the electrode
equivalent circuit (EEC) [13]. The EEC is an electrical circuit model that is suitable for the electrochemical system of the specimens.
The EEC for CA6NM in simulated geothermal brine is shown in Figure 7. Meanwhile, the EEC for CA6NM in simulated geothermal
brine at 60°C with CO: gas is shown in Figure 8. The EEC illustrated in Figure 7 includes solution resistance (Rs) in series with a
parallel connection of CPE and charge transfer resistance (Rct). Element Rs corresponds to simulated geothermal brine, whereas element
Ret corresponds to charge transfer resistance in the phase interface and is inversely proportional to the corrosion rate and surface area
undergoing corrosion. The CPE was introduced to characterize “capacitance dispersion” related to the capacity of the surface area of a
material with complex surface roughness, inhomogeneous reaction rate, and nonuniform current distribution. The CPE has a fixed
phase shift angle, and its impedance is expressed as ZCPE = 1/Yo(jw)n, where Yo and a are the parameters related to the phase shift
angle. The value of the parameter a denotes the corrosion process on the surface of the material, and the smaller the value of this
parameter is, the more heterogeneous the process. The value of the parameter a also denotes adjustable inductance, where 1 corresponds
to a capacitor and —1 corresponds to a resistor [13].
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Figure 7 EEC of CA6NM in simulated geothermal brine
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Figure 8 EEC of CA6NM in simulated geothermal brine at 60°C with CO2 gas

The EEC of CA6NM in simulated geothermal brine at 60°C with CO2 gas is different from that of the other specimens. The
difference lies in the Warburg impedance (Wq) element in series with the charge transfer resistance (Rct). The Warburg impedance
shown in Figure 8 corresponds to the diffusion-controlled reaction at low frequency. The phase shift of Warburg impedance is equal
to ¢ = -45°, and in the Nyquist plot, the Warburg impedance is represented by a straight line at 45° angle at low frequency, as shown
in Figure 1(d) [8]. The appearance of the Warburg impedance in simulated geothermal brine at 60°C with CO2 gas indicates the
occurrence of CO2 gas diffusion on the surface of CA6NM. COz2 gas diffuses on the surface of the material and forms FeCOs, which
can protect the material from corrosion. The value of the Warburg impedance is 8.36E-03, 4.35E-3, and 1.68E-3 Qcm? for CAGNM1,
CABNM2, and CA6NM3, respectively. The Warburg impedance decreases with the increase in Mo content. This result shows that CO2
gas diffusion decreases because of the thick layer of molybdenum oxide on the surface of CA6NM. In terms of the other experimental
parameters, the Warburg impedance does not appear because the diffusion process does not occur. The diffusion does not occur because
CO:2 gas is not added to the simulated geothermal brine. However, even with the addition of CO2 gas at room temperature, diffusion
does not occur because COz is unable to diffuse and form FeCOs at room temperature.
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The EEC is fitted to the Nyquist plot, and the values of the electrochemical parameters, such as charge transfer resistance (Rct) and
CPE (Yo), are obtained and used to analyze the corrosion resistance of CA6NM in the geothermal environment. Figure 9 shows the
charge transfer resistance (Rct) value and Figure 10 shows the CPE (Yo) value of CA6NM in simulated geothermal brine. As shown in
Figure 9, CA6NMS3 has a higher charge transfer resistance (Rct) value than CA6NM1 and CA6NM2. The charge transfer resistance
(Ret) value increases with the increase in Mo and N contents [14-16]. The increase in the charge transfer resistance (Rct) value indicates
charge transfer from the solution to the surface of CA6NM. However, charge transfer is inhibited by a thick passive film. CA6NM3 in
simulated geothermal brine at room temperature without CO2 gas has the highest charge transfer resistance (Rct) value of 31.490 Qcm?.

The CPE (Yo) value corresponds to the thickness of the passive film on the surface of the material. A low CPE (Yo) value indicates
a thick passive film. As shown in Figure 10, CA6NMS3 has the lowest CPE (Yo) value. This result proves that the increase in Mo and
N contents of CAG6NM specimens causes the passive film on the material surface to become thicker. Moreover, the increase in Mo and
N contents leads to the formation of a thicker molybdenum oxide film on top of the chromium oxide (CrO2) film. The thicker the
molybdenum oxide film is, the stronger the passive film and the better the corrosion resistance of CA6NM. Figure 10(a) shows that
the CPE (Yo) values of CABNM specimens without CO2 gas in simulated geothermal brine are nearly the same. By contrast, Figure
10(b) shows that the CPE (Yo) values of CA6NM specimens with CO2 gas in simulated geothermal brine considerably vary. These
results indicate that thick passive films are formed in the test solution at room temperature without CO2 gas and at 60°C temperature
with COz2 gas.

The results of the EIS test show that CA6NM in geothermal solution at room temperature without CO2 gas has better corrosion
resistance than CA6NM in geothermal solution at room temperature with CO2 gas because of its thicker passive film. This result is
consistent with that of a previous study of the pitting corrosion resistance of CA6NM as geothermal turbine blade material in simulated
geothermal brine [17]. The previous research focused on localized or pitting corrosion analyzed using cyclic polarization, whereas the
present research focused on general corrosion analyzed using EIS under two temperature conditions.
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Figure 9 Charge transfer resistance (Rct) values of CA6NM in simulated geothermal brine at (a) room temperature and (b) 60°C
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Figure 10 CPE (Yo) values of CA6NM in simulated geothermal brine at (a) room temperature and (b) 60°C
4.3 SEM and EDS analyses

The effect of the addition of Mo and N on the pit growth behavior of CA6NM in simulated geothermal brine was investigated by
SEM. As shown in Figures 3-6, spherical pitting corrosion formed on the surface of CA6NM with an average diameter size of <10 pm.
The diameter size of pitting corrosion decreases with the increase in Mo and N contents.

In the case of CA6NM in simulated geothermal brine at room temperature, as shown in Figures 3 and 4, nearly no low-solubility
salt film is formed on the inner surface. Thus, pit growth is considered to be stable at room temperature. By contrast, at 60°C, as shown
in Figures 5 and 6, thick salt films are formed inside the pits or covered the pit mouths [18]. In particular, as shown in Figure 6(b), pit
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growth on the inner layer results in the stunting of the pit. This result indicates that CAGNM2 in simulated geothermal brine at 60°C
with COz2 gas is resistant to localized corrosion because of the pace of repassivation [17].

To further prove the effect of Mo and N on the passive layer (CrO2) of CA6NM, an EDS test of the surface of the material is
conducted. Table 3 shows the Cr levels of CA6NM that had undergone EIS testing at 60°C on the basis of the EDS results. Table 3
also shows that the Cr levels increase with the addition of Mo and N. These results prove that Mo and N play an important role in
inhibiting the dissolution of the passive layer, leading to a decrease in the Cr levels in the CA6NM1 specimen after the EIS test.

In addition to stabilizing the passive layer, Mo refines the grain size, which in turn improves the corrosion resistance of CA6NM
[19]. Mo also reduces the formation of a Cr-depleted zone around the carbide area that initiates pitting corrosion because Mo can
partially substitute Cr in metal carbide [20]. Finally, the results of the EDS test listed in Table 3 show that the Cr content increases with
the increase in Mo content of CAGNM.

5. Conclusions

In conclusion, this study shows that Mo and N have a beneficial effect on the corrosion resistance of CA6NM in simulated
geothermal brine. The results of the EIS test show that CA6NM3, which contains 2% Mo and 0.1% N, exhibits the highest impedance
value. Furthermore, Mo and N contents, temperature, and CO2 gas influence the corrosion resistance of CA6NM. The increase in
temperature without the addition of CO2 gas in simulated geothermal brine decreases the corrosion resistance of CA6NM in simulated
geothermal brine. By contrast, the increase in temperature accompanied by the addition of CO2 gas increases the corrosion resistance
of CA6NM in simulated geothermal brine.
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